We probed the role of alpha-synuclein (a-syn) in modulating sorting nexin 3 (Snx3)-retromer-mediated recycling of iron transporters in Saccharomyces cerevisiae and Caenorhabditis elegans. In yeast, the membrane-bound heterodimer Fet3/Ftr1 is the high affinity iron importer. Fet3 is a membrane-bound multicopper ferroxidase, whose ferroxidase domain is orthologous to human ceruloplasmin (Cp), that oxidizes external Fe þ2 to Fe þ3 ; the Fe þ3 ions then channel through the Ftr1 permease into the cell. When the concentration of external iron is low (<1 mM), Fet3/Ftr1 is maintained on the plasma membrane by retrograde endocytic-recycling; whereas, when the concentration of external iron is high (>10 mM), Fet3/Ftr1 is endocytosed and shunted to the vacuole for degradation. We discovered that a-syn expression phenocopies the high iron condition: under the low iron condition (<1 mM), a-syn inhibits Snx3-retromer-mediated recycling of Fet3/Ftr1 and instead shunts Fet3/Ftr1 into the multivesicular body pathway to the vacuole. a-Syn inhibits recycling by blocking the association of Snx3-mCherry molecules with endocytic vesicles, possibly by interfering with the binding of Snx3 to phosphatidylinositol-3-monophosphate. In C. elegans, transgenic worms expressing a-syn exhibit an age-dependent degeneration of dopaminergic neurons that is partially rescued by the iron chelator desferoxamine. This implies that a-syn-expressing dopaminergic neurons are susceptible to changes in iron neurotoxicity with age, whereby excess iron enhances a-syn-induced neurodegeneration. In vivo genetic analysis indicates that a-syn dysregulates iron homeostasis in worm dopaminergic neurons, possibly by inhibiting SNX-3-mediated recycling of a membrane-bound ortholog of Cp (F21D5.3), the iron exporter ferroportin (FPN1.1), or both.
Introduction
Parkinson's disease (PD) is defined by the progressive degeneration of dopaminergic neurons in the mid-brain region called the substantia nigra par compacta (SNpc) (1) . Loss of these neurons leads to resting tremor, slowness of movement and disturbances in gait and balance. Surviving neurons often contain cytoplasmic proteinaceous inclusions called Lewy bodies, the principal component of which is the protein a-syn (2, 3) . Wildtype a-syn has been implicated in sporadic PD; whereas, missense mutations (4) (5) (6) (7) (8) or multiplications of the a-syn gene cause early-onset PD (9) .
a-Syn, which is highly expressed in dopaminergic neurons, has been suggested to be a lipid carrier (10) , a regulator of synaptic vesicle fusion with the presynaptic membrane (11) , and a protein involved in iron metabolism (12) . The focus of this study is the role of a-syn in iron metabolism, specifically, the mechanism by which a-syn alters the retrograde endocytic trafficking of iron transporters.
The total iron increases in the SNpc in severe cases of PD (13) (14) (15) , and biochemical studies have demonstrated a mechanistic link between iron accumulation and a-syn toxicity. Neurotoxin based animal models of PD have shown that intracellular iron increases with loss of striatal dopamine (DA), and this increased iron likely contributes to cell death (16) (17) (18) (19) (20) . These findings have led to the hypothesis that excess iron initiates dopaminergic neurodegeneration in PD, although the mechanism by which this occurs remains elusive.
The interplay between a-syn homeostasis and iron homeostasis was modeled herein using yeast and nematodes. Eukaryotes have a tightly regulated network of proteins that import, export, and store iron. Yeast cells can import and store but not export iron. Yeast rapidly responds to changes in the level of environmental iron, and here we are interested in the case of low external iron. Low external iron activates the transcription of four genes-FET3, FTR1, FRE1 and FRE2-involved in the acquisition of iron (21, 22) . Three of these four membrane-bound proteins (Fet3, Fre1 and Fre2) have their enzymatic domains on the exofacial side of the plasma membrane. Fet3/Ftr1 is the high affinity iron import complex, whereby Fet3 functions as a multicopper ferroxidase and Ftr1 is a ferric iron permease. These two proteins form a complex in the endoplasmic reticulum, which then transits through the secretory pathway to the plasma membrane. Fre1 and Fre2 are metalloreductases that reduce environmental Fe þ3 to Fe þ2 . The labile Fe þ2 ions are captured by Fet3, re-oxidized, and then transported into the cell by Ftr1 (23, 24) (Fig. 1A) . Humans express two orthologs of Fet3, i.e. serum ceruloplasmin and hephaestin; a rare glycosylphospha tidylinositol-anchored form of ceruloplamin is expressed in astrocytes (25) . Fet3/Ftr1 complexes are also subject to posttranslational regulation. When the concentration of external iron is low (<1 mM), Fet3/Ftr1 is maintained on the plasma membrane by the endocytic-recycling pathway (Fig. 1B) (26, 27) . However, when the external iron concentration is high, the number of Fet3/Ftr1 complexes on the plasma membrane is down regulated by internalization, followed by the sorting of Fet3/Ftr1 vesicular cargo to the vacuole for degradation (Fig. 1B) .
Endocytosis is an emerging area regarding the etiology of PD because the conserved gene VPS35, which encodes a component of the endocytic recycling complex called retromer, is mutated in some cases of late-onset PD (28) (29) (30) , and overexpression of endocytosis-related genes can rescue a-syn toxicity (31, 32) .
Retromer is a highly conserved multimeric protein complex that orchestrates the sorting, export, and retrieval of cargo proteins from early endosomes (33) (34) (35) . Composed of five proteins, retromer binds on the cytosolic face of early endosomes (Fig. 1C) . One sub-complex of retromer is the Vps26-Vps29-Vps35 trimer (hVps26, hVps29, hVps35 in humans) (36) , which is involved in cargo selection. The other sub-complex is the membrane-associated heterodimer Vps5-Vps17 (Snx1 and Snx2 in humans), which is involved in the deformation of the endocytic vesicles into tubules (37, 38) . The sorting nexins Vps5 and Vps17 each contain two membrane-binding domains: a phox homology (PX) domain that binds preferentially to phosphatidylinositol-3-monophosphate (PI3P) (39) , which is enriched in early endosomes, and a BIN/Amphiphysin/Rvs (BAR) domain that senses membrane curvature and remodels endosomes into tubules (40) . For cargo to be retrieved from the degradative pathway, this multimeric retromer complex must bind to the sorting signal sequence on the cargo in early endosomes. This is followed by the formation of endosomal tubules from which retromer-cargo vesicles bud off and then transit to the transGolgi for recycling to the plasma membrane (41) .
Retromer-mediated recycling of Fet3/Ftr1 (42) (43) (44) has been studied in detail in yeast (26, 27) . Retromer, the sorting nexin Grd19/Snx3, and the Golgi Rab GTPase Ypt6 maintain Fet3/Ftr1 on the plasma membrane in the low iron condition (26) . The Cterminus of Ftr1 contains an endocytic recycling sequence that specifically binds to Snx3 (26) (Fig. 1C) . The Snx3 sorting nexin contains only a PX domain. Recycling occurs after Fet3/Ftr1 is internalized into early endosomes, and upon the binding of Snx3 to the C-terminus of Ftr1, the Snx3-Ftr1/Fet3 complex assembles on the surface of an early endosome with the two retromer subcomplexes Vps26-Vps29-Vps35 and Vps5-Vps17 (Fig. 1C) . Formation of this complex causes tubulation, and vesicles bud off from the tubules and transit to the trans-Golgi for transport to the plasma membrane. For iron shocked cells, Fet3/ Ftr1 molecules are also internalized, but instead of recycling they are shunted to the vacuole (45) .
We report here that a-syn alters the trafficking of Fet3/Ftr1. a-Syn partially blocks the Snx3-retromer-mediated recycling of Fet3/Ftr1, which results in the iron import complex entering the degradative pathway. a-Syn inhibits recycling by blocking the association of Snx3 and Vps17 with early endosomes. We also show that knocking down the worm ortholog of SNX3, snx-3, has no effect on dopaminergic neurons lacking a-syn expression, whereas knocking down snx-3 in DA neurons that express a-syn causes severe neurodegeneration, and this neurodegeneration is rescued by an iron chelator. This study raises the possibility that a-syn causes the mistrafficking of iron transporters and thus perturbs iron homeostasis. Figure 1C shows the proteins involved in the endocytic recycling of Fet3/Ftr1 complexes in yeast. Given that a-syn avidly binds to lipids, membranes and vesicles (46), we asked whether a-syn might interfere with the binding of Snx3 and other retromer components to the surface of endosomes. Such interference by a-syn would alter the endocytic recycling of Fet3/Ftr1 complexes. A strain called TSY145 (Table 1) , which expresses Snx3-mCherry and modified forms of both Fet3 and Ftr1 in which lysine residues facing the cytoplasm are replaced with arginine, was used for these experiments. The Fet3-(4K/R)-HA/Ftr1-(18K/ R)-GFP (lysineless Fet3/Ftr1) mutant complex cannot be ubiquitylated and, therefore, fails to enter the multivesicular body (MVB) pathway. This strain tends to exhibit higher levels of Snx3-mCherry fluorescence on endosomes. The validation/characterization of the TSY145 strain and FET3 and FTR1 deletion strains are shown in Supplementary Material, Figure S1A -D.
Results
a-Syn decreases the number of Snx3-mCherry and Vps17-mCherry puncta. Figure 2A shows that 63% of empty vector (EV) control cells exhibited red puncta. Such puncta are endosomes decorated with Snx3-mCherry. Strikingly, a-syn decreased the percentage of cells exhibiting red puncta; specifically, the percentage of cells decreased from 63% (EV) to 6.9% (a-syn) (P < 0.0001) (Fig. 2B) . The mean fluorescence intensity of individual red puncta in a-syn cells was even significantly less than in EV cells ( Fig. 2C ; P ¼ 0.0221). Western blotting showed that a-syn failed to change the expression level of Snx3-mCherry ( Fig. 2D and E) . The results suggest that a-syn disrupts the binding of Snx3-mCherry to the surface of early endosomes.
To ascertain whether a-syn affects the endosomal localization of the retromer heterodimer composed of Vps5-Vps17, each of which has a PX and BAR domain (Fig. 1C) , we used strain TSY143 (Table 1) which harbors an integrated copy of Vps17-mCherry. a-Syn indeed significantly decreased the percentage of cells exhibiting red puncta (Fig. 2F and G) , but it did not decrease the level of the Vps17-mCherry protein ( Fig. 2H and I) . Collectively, the results show that a-syn significantly decreases , which have a high-affinity for iron, are expressed in response to low external iron, and the complexes are maintained on the plasma membrane by endocytic recycling between the plasma membrane and Golgi. If the external iron concentration increases above 10 mM, Fet3/Ftr1 complexes are endocytosed and shunted into the MVB pathway, which delivers the proteins to the vacuole for degradation. (C) Snx3-retromer binds to Fet3/Ftr1. Snx3 is a cargo-specific adaptor protein that specifically binds to the endocytic recycling sequence on the C-terminus of Ftr1.
Vps26-Vps29-Vps35 is the retromer cargo recognition complex. Vps5-Vps17 is the membrane recognition complex. Snx3 is a cargo-specific adapter protein that binds to the C-terminus of Ftr1. Description  Source  pAG426GAL 2 m, URA3, P GAL1 Addgene pAG426-a-Syn pAG426GAL, P GAL1 -a-Syn (90) pTS22
Plasmid harboring yeast SNX3 Chris G. Burd the number of both Snx3-mCherry and Vps17-mCherry puncta compared with control cells. a-Syn can decrease the number of Snx3-mCherry/Vps17-mCherry puncta by two mechanisms: (i) a-syn might bind to and disperse early endosomes into smaller vesicles, and this dispersal might explain the loss of Snx3-mCherry puncta in cells expressing a-syn. Supporting this idea, a-syn disperses large synthetic liposomes of a certain size and composition into smaller vesicles (47) or (ii) a-syn might inhibit the binding of the PX domain of Snx3 to PI3P. Each of these possibilities was addressed.
a-Syn fails to block the binding of Vac1-GFP to early endosomes. Vac1 binds via a FYVE domain to PI3P embedded in early does not alter the expression of Snx3-mCherry. Cells were cultured as described in (A). Lysates were subjected to SDS-PAGE followed by western blotting. Pgk1 is the loading control. (E) Plot of normalized Snx3-mCherry protein level. Values are means 6 SD of three independent colonies. NS, non-significant determined by a Student's t-test. (F) The TSY143 strain was transformed with indicated plasmids and cultured as described in panel (A). The only difference is the time duration for inducing media which is 8 h. Cells were imaged using fluorescence microscopy. (G) Plot of percentage of Vps17-mCherry positive cells from panel (F) . Values are means 6 SD of three independent colonies. **P ¼ 0.0131 determined by one-way ANOVA with a Dunnett post hoc test. (H) a-Syn does not alter the expression of Vps17-mCherry. Cells were cultured as described in panel (F). Lysates were subjected to SDS-PAGE for western blotting. Pgk1 is the loading control. Owing to the low expression of a-syn in the TSY143 strain, we used Image Lab software to brighten this and only this image. (I) Plot of normalized Vps17-mCherry protein level. Values are mean 6 SD of three independent colonies. P value was determined by one-way ANOVA.
endosomes (48, 49) . Using a C-terminal fusion of GFP to Vac1, we tested whether a-syn can disrupt the binding of Vac1-GFP to early endosomes. If a-syn functions by mechanism (i), a-syn-expressing cells should have a significantly decreased number of Vac1-GFP foci compared with control cells. However, a-syn had no effect on number of Vac1-GFP foci compared with control cells (Fig. 3A and B) . Western blot analysis showed that a-syn was expressed (Fig. 3C) . These results indicate that a-syn does not disperse early endosomes.
a-Syn blocks the binding of purified Snx3 to liposomes containing PI3P. Given that Snx3 and Vps17 each contain a PX domain that selectively binds to PI3P, we hypothesized that a-syn blocks the binding of the respective PX domains of Snx3 and Vps17 to PI3P on the surface of early endosomes. Focusing on Snx3, we first verified that purified recombinant yeast Snx3 (Fig. 4A-C) containing a T7 tag binds to PI3P using a PIP strip assay. Snx3 (0.175 mM) bound strongly to PI3P but weakly to phosphatidylinositol-4-phosphate (PI4P), phosphatidylinositol-5-phosphate (PI5P), phosphatidylinositol-3, 5-diphosphate (PI3, 5P2), phosphatidylinositol-4, 5-diphosphate (PI4, 5P2) and phosphatidic acid (PA) (Fig. 4D) . Purified recombinant human a-syn was also assessed by western blotting (Fig. 4C) . When a-syn was tested in the PIP strip assay, the results were inconclusive because of non-specific binding of a-syn to the strip itself (data not shown).
A flotation assay was used to further test the binding of Snx3 to synthetic liposomes with or without PI3P. The concentration of lipids in solution was 500 mM, and the proportion of lipids was 70%:25%:5% (PC:PS:PI3P or PC:PS:PI). During high-speed centrifugation (200 000g) liposomes and liposome-bound proteins migrate to the top of the tube whereas unbound proteins remain in the bottom layer. After the spin, top and bottom fractions were collected and western blotted for Snx3 and a-syn. The flotation assay data were characterized as follows ( (Fig. 4E) . These results indicate that asyn blocks the binding of Snx3 to liposomes containing PI3P.
To test whether a-syn blocks Snx3 binding to PI3P-spiked liposomes in a dose-dependent manner, the concentration of a-syn was varied at a fixed concentration of lipids. Over the a-syn range 1-2.5 mM, there was a linear decrease in the amount . Values are mean 6 SD of three independent experiments. About 300 cells were analyzed. The P value was determined by a Student's t-test. (C) a-Syn is expressed in Vac1-GFP strain. Cells were cultured as described in (A). Lysates were subjected to SDS-PAGE followed by western blotting. Pgk1 is the loading control. The intensity of Vac1-GFP signal was relatively weak because there are estimated to be less than 1000 Vac1 molecules per cell; therefore, the brightness (þ60) was increased over the entire figure using Adobe Photoshop.
of liposome-bound Snx3 and a parallel increase in the amount of Snx3 in solution ( Fig. 4G and H) . a-Syn decreases the level of the multi-copper ferroxidase Fet3 in exponential-phase cells. Given that a-syn drives Snx3 and Vps17 off early endosomes, we asked whether a-syn inhibits the endocytic recycling of Fet3/Ftr1. We used a Fet3-GFP strain in which the chromosomal copy of FET3 is replaced by FET3-GFP. The Fet3-GFP strain behaves similar if not identical to the wild-type cells, and a-syn fails to affect the glycosylation of Fet3-GFP (Supplementary Material, Fig. S1A-D) . These cells were grown in SC drop out media, which has a low concentration of iron (0.74 mM).
Western blotting was used to detect the Fet3-GFP protein in a variety of cell lysates. The Fet3-GFP protein exhibited an intense band in EV control cells (EV/ÀFe), whereas the intensity of this band significantly decreased (by 36%; P ¼ 0.0007) upon expression of a-syn (Fig. 5A ). As a positive control, Fet3-GFP cells (EV or a-syn) incubated for 6 h in medium supplemented with 10 mM added iron exhibited almost no detectable Fet3-GFP, which is consistent with reference (45) . For cells grown in minimal medium (low iron), a-syn and added iron, both independently and together, decrease the level of Fet3-GFP.
Fluorescence microscopy was also used to probe the effects of a-syn and added iron on the Fet3-GFP strain (Fig. 5B) . The images in the top half of the figure were acquired after 6 h in inducing medium with 20 mM BPS (þEV/ÀFe). The images in the bottom half of the figure were acquired after 6 h in inducing medium with 20 mM BPS but with the last hour in high iron (þEV/þFe). The Fet3-GFP strain (þEV/ÀFe) showed diffuse green fluorescence throughout cells as well as prominent green fluorescence around the periphery of the cells, consistent with plasma membrane localization (Fig. 5B , top panel). The mean total GFP fluorescence of each Fet3-GFP cell in various fields from three independent colonies was measured using ImageJ, and the plot of the normalized fluorescence intensity shows that a-syn caused a 61% (P <0.0001) decrease in mean fluorescence ( Fig. 5C ) relative to control cells. Iron-shocked cells (6a-syn/þFe) exhibited significantly less fluorescence throughout the cells compared with EV cells (compare the bottom two rows to row one). The plot in Figure 5C shows that a-syn decreases the mean Fet3-GFP fluorescence of cells to the same extent as iron. These results show that a-syn and iron shock each cause an overall decrease in Fet3-GFP fluorescence.
a-Syn mimics iron shock: both accelerate the degradation of Fet3-GFP complexes. Iron shock inhibits the endocytic recycling of Fet3/Ftr1 and shunts early endosomes containing Fet3/Ftr1 to enter the degradative pathway (45) . We sought to determine whether a-syn also drives Fet3-GFP-Ftr1 complexes to the vacuole. To prevent the degradation of Fet3-GFP in the vacuole we used the Fet3-GFP pep4D strain. PEP4 codes for the master vacuolar protease; deletion of this gene results in the failure of the vacuole to proteolyze proteins (50) . It was expected that upon iron shock or a-syn expression that the Fet3-GFP protein would accumulate in the vacuole in the Fet3-GFP pep4D strain. Figure 6 shows images of the Fet3-GFP pep4D strain (EV or a-syn) without (top panel) or with a 1 h iron-shock (bottom panel) at the end of 6 h incubation in inducing media containing 20 mM BPS. Consider the case where cells were cultured in inducing media with no iron shock. In EV control cells green fluorescence from Fet3-GFP proteins is prominent on the cell periphery, consistent with plasma membrane association, and in the vacuole (Fig. 6A, first row) . In a-syn-expressing cells green fluorescence from the Fet3-GFP proteins localizes mainly to the vacuole with negligible fluorescence on the cell periphery ( Fig. 6A , second row). For both experiments, fluorescence intensity was measured on the cell periphery and in the vacuole, and the resulting ratios of cell periphery-to-vacuolar fluorescence are shown in Figure 6B . In the absence of added iron, a-syn caused a significant decrease (P ¼ 0.0043) in the ratio of cell periphery-to-vacuolar fluorescence, consistent with a-syn driving the Fet3-GFP protein from the plasma membrane to the vacuole.
In the case of iron shock, when Fet3-GFP pep4D cells (EV or a-syn) were subjected to a 1 iron shock the Fet3-GFP fluorescence disappeared from the plasma membrane and appeared in the vacuole. A plot of the cell periphery-to-vacuole fluorescence revealed a significant decrease in this ratio for the two ironshocked samples compared with EV control cells (Fig. 6B ). Western blotting showed that a-syn decreased the level of Fet3-GFP in WT cells but not in pep4D cells that have defective vacuoles ( Fig. 6C) , as expected. Collectively, the results show that a-syn and a high iron shock are functionally equivalent, in that, each accelerates the degradation of Fet3/Ftr1 complexes. The question is, does a-syn accelerate the degradation of Fet3/Ftr1 complexes that emanate from the plasma membrane or from complexes from the biosynthetic pathway?
a-Syn accelerates the degradation of Fet3/Ftr1 complexes that emanate from the plasma membrane. Our data have revealed that Fet3/Ftr1 is more rapidly degraded in cells expressing a-syn than in control cells. The issue is whether the complexes affected by a-syn emanate from the plasma membrane, i.e. the endocytic recycling pathway or from the biosynthetic pathway. inducing media overnight, diluted into inducing media 6 10 mM ferric iron, and induced for 6 h. Cells were lysed, subjected to SDS-PAGE, followed by western blotting using an antibody against GFP. Pgk1 was the loading control. Plot of total Fet3-GFP levels normalized to Pgk1 is at the top of western blot panel. Values are means 6 SD of three independent colonies. **P ¼ 0.0007; ***P < 0.0001; NS, non-significant was determined by one-way ANOVA with Bonferroni correction. (B) a-Syn decreases the Fet3-GFP fluorescence on the cell periphery. Top panel (-Fe): Fet3-GFP cells transformed with the indicated plasmids were pre-grown in non-inducing media overnight, diluted into inducing media containing 20 mM BPS, and induced for 6 h. Bottom panel (þFe, iron shock): Fet3-GFP cells were treated the same as above except that during the last hour of incubation cells had an iron shock (500 mM ferric ammonium citrate). Cells were imaged by fluorescence microscopy. (C) Plot of normalized mean Fet3-GFP fluorescence intensity of individual cells (B). Values are mean 6 SD of three independent colonies. A one-way ANOVA with a Bonferroni correction was used to determine significance. ***P ¼ 0.0004; @@@ P 0.0001; ### P ¼ 0.0009.
In this latter case, perhaps a-syn blocks the transport of newly synthesized Fet3-GFP-Ftr1 complexes to the plasma membrane and instead redirects them to the vacuole. This issue was addressed in two ways. First, fluorescence microscopy was used to monitor the Fet3-GFP signal on the cell plasma membrane in cells with or without a-syn expression after treatment of the cells with cycloheximide. A complication of such an experiment is that there is no appreciable Fet3-GFP fluorescence on the cell periphery to monitor when a-syn expressing cells are incubated for 6 h in SC-2% Gal (þchelator) media (see Fig. 6A a-syn/ÀFe). We reasoned that if the expression of a-syn could be lowered in the cells, then after 6 h incubation cells should display more Fet3-GFP fluorescence on the plasma membrane. To lower a-syn expression, the cells were thus incubated in SC-1% (rather than 2%) Gal media with chelator, and this strategy yielded significantly more Fet3-GFP fluorescence on the plasma membrane. Figure 7A shows changes in fluorescence of Fet3-GFP pep4D cells 6 a-syn after the addition of cycloheximide. The membrane fluorescence decay curves are shown in Figure 7B . With the biosynthetic pathway shut down, the decay curves represent at minimum three processes (Fig. 1B) : first, endocytosis (removal of cargo from the plasma membrane), second, recycling (return of the cargo to the plasma membrane) and third, transit of the cargo to the vacuole. The endocytosis of Fet3-GFP/Ftr1 complexes decreases the Fet3-GFP fluorescence on the plasma membrane, whereas the recycling of the complexes restores the fluorescence on the plasma membrane. Over time, a decay in fluorescence occurs because a fraction of the internalized complexes are sorted to the vacuole in EV control cells; hence, the rate of loss of Fet3-GFP fluorescence on the plasma membrane (owing to endocytosis) is greater than the rate of gain of Fet3-GFP fluorescence on the plasma membrane (owing to recycling). We hypothesize that a significantly larger fraction of the internalized complexes are sorted to the vacuole in a-syn-expressing cells because a-syn blocks the binding of Snx3 and Vps17 to early endosomes (Fig 2) . Notably, at 2 and 4 h the fluorescence intensities of the a-syn decay curve are significantly lower in magnitude compared with same points on the control curve (Fig. 7B ). This finding is consistent with a-syn accelerating transit to the vacuole of complexes that emanate from the plasma membrane. The Fet3-GFP protein level was unaffected because PEP4 was deleted (Fig. 7C) , and a-syn levels after the treatment with cycloheximide are shown in Figure 7C .
Second, the TSY145 strain was used to probe the role of ubiquitylation of Fet3 and Ftr1 on endocytosis, recycling and entry into the MVB pathway (27) . In this strain, the lysineless Fet3/Ftr1 proteins are fully functional (Supplementary Material, Fig. S1C ) and they are constitutively recycled by the Snx3-retromer pathway even in the presence of high iron. Thus, the lysineless mutants are endocytosed independent of ubiquitylation; however, the cytosolic lysine residues are required-most likely because they are ubiquitylated-for targeting Fet3/Ftr1 complexes into the MVB pathway (27) .
If a-syn functions in a similar manner to iron shock, then expressing a-syn in the TSY145 strain should fail to drive the lysineless Fet3/Ftr1 complexes into the MVB degradative pathway. Indeed, a-syn failed to alter both the plasma membrane localization of the fluorescently tagged lysineless Fet3/Ftr1 complexes and the protein level of lysineless Fet3 (Fig. 7D-F) . As a control, a-syn dramatically altered the plasma membrane localization and overall fluorescence intensity of wild-type Fet3/Ftr1-GFP (Fig. 7E) , which is similar to what we found for the effect of a-syn on Fet3-GFP (Figs 5 and 6 ). Knocking down the sorting nexin snx-3 disrupts iron homeostasis in a Caenorhabditis elegans model of neurodegeneration. To extend the findings from yeast, we turned to a C. elegans PD model that enables dopaminergic neurodegeneration to be monitored. The evolutionarily conserved retromer complex associates with cargo adaptors like sorting nexins, which regulate retrograde endosome-to-trans-Golgi transport of different protein cargoes (41) . Although, there is lack of knowledge regarding retromer-mediated retrograde transport of iron transporters in C. elegans, the Snx3-retromer complex plays an important role in maintaining iron homeostasis by regulating the endocyticrecycling of iron transporters in mammalian cells. Studies suggest that Snx3-retromer complex retrieves transferrin receptor (TfR) (51) and the divalent metal ion transporter 1 (DMT1) (52, 53) from endocytic vesicles and prevents their lysosomal degradation. The transferrin-TfR system is a major route of iron uptake in mammalian cells. Iron efflux from endosomes containing iron and transferrin-TfR complexes into the cytoplasm is mediated by DMT1. Many studies have focused on understanding the trafficking of DMT1 because high levels of DMT1 have been associated with iron neurotoxicity and neurodegeneration in different PD models (54, 55) . DMT1 is a canonical substrate of Snx3 and has also been studied extensively to understand the structural dynamics of Snx3-retromer complex (56, 57) . A recent study has found that a-syn facilitates iron uptake through TfR and modulates retinal iron homeostasis (58) . Another study suggests that TfR deficiency causes iron deficiency and neurodegeneration in mice (59) . The amyloid precursor protein (APP) stabilizes the iron exporter ferroportin on the plasma membrane (60), and retromer facilitates iron export through ferroportin by regulating the recycling of APP (34, 61, 62) . There is a growing consensus of the importance of APP in maintaining iron homeostasis because the loss of APP has been associated with defects in ferroportin-mediated iron export (63) (64) (65) . Apart from APP, the iron export through ferroportin is mediated by the ferroxidase activity of ceruloplasmin and loss of functional ceruloplasmin is associated with the cellular iron retention and PD (66) (67) (68) (69) (70) (71) . Although, a recent study suggests that loss of TfR and not ferroportin causes neurodegeneration in mice (59) . Overall, these studies show that disturbances in the function/ trafficking of iron transporters play a role in inducing iron neurotoxicity and neurodegeneration. On the basis of our results from yeast, we reasoned that because iron transporters are substrates for Snx3-retromer complex, and retromer complex is evolutionarily conserved, a-syn likely disrupts iron homeostasis in a complex eukaryotic animal like C. elegans by inhibiting the SNX-3-retromer mediated retrograde transport of iron transporters. Table 2 presents the list of iron transporters investigated in this study. We reasoned that if iron transporters are substrates of SNX-3, then the depletion of snx-3 gene product activity should cause the iron transporter to be degraded in the lysosome. The effect of cell-specific knock down of snx-3 in worm DA neurons with or without the expression of a-syn was evaluated. If SNX-3 facilitates the recycling of iron importers, then knocking down snx-3 should cause iron importers to be degraded in the lysosome; such neurons might become iron deficient, and an iron chelator would exacerbate neurodegeneration. Conversely, if SNX-3 facilitates the recycling of iron exporters, then knocking down snx-3 might cause the iron exporters to be degraded in the lysosome; such neurons would accumulate iron, and, in this case, an iron chelator would rescue neurodegeneration. The iron chelator desferoximine (DFO) facilitates assessment of iron homeostasis, with the extent of dopaminergic neurodegeneration serving as a surrogate marker of iron homeostasis. We asked whether the depletion of snx-3 using RNAi knockdown enhances the degeneration of dopaminergic neurons in the absence of a-syn. Strain UA202 (sid-1(pk3321); vtIs7[Pdat-1:: GFP]; baIn36[Pdat-1:: sid-1, Pmyo-2:: mCherry]) (72,73) was used for this purpose. These worms were designed to uptake dsRNA exclusively in the DA neurons (74) . Conditional RNAi knockdown of snx-3 did not alter dopaminergic neurodegeneration at day 7 of development compared with the same worms treated with RNAi bacteria that do not express any dsRNA clone (EV) (Fig. 8A) . In contrast, knockdown of mcu-1, a mitochondrial calcium uniporter and positive control for neurodegeneration, caused significant dopaminergic neuron loss at day 7.
In parallel, a dopaminergic RNAi-specific strain that expresses both GFP and a-syn in the DA neurons (UA196 (sid-1(pk3321); baIn11[Pdat-1::a-syn, Pdat-1:: GFP]; baIn33[Pdat-1:: sid-1, Pmyo-2:: mCherry]) was used to examine if the knockdown of snx-3 exacerbates a-syn neurotoxicity. This strain also selectively uptakes RNAi in DA neurons. We found that 34% of the a-syn-expressing animals displayed normal neurons, and this percentage decreased to 16%, when the same animals were treated with snx-3 dsRNA (P < 0.05; one-way ANOVA) (Fig. 8B) . DFO rescued DA neurons expressing a-syn compared with the EV controls (Fig. 8C) . DFO also rescued against neurodegeneration in a-syn expressing worms with snx-3 knocked down (22-44%), and the amount of rescue was similar to the EV controls, where 50% of this population exhibited normal neurons following the DFO treatment (Fig. 8C) . Representative images of worms with the various treatments described earlier are shown in Figure 8D . These results are consistent with the a-syn-expressing worms reproducibly displaying progressive loss of dopaminergic neurons as they age, as previously reported (75, 76) . Moreover, the dopaminergic neurons appear to accumulate iron, as judged by the rescue by DFO, and snx-3 depletion accelerates dopaminergic neuron cell loss, whereas chelator conversely rescues DA neuron loss with or without snx-3 depletion.
Knocking down the iron importer SMF-3 rescues a-syn-induced neurodegeneration. The findings that DFO rescues neurodegeneration in a-syn expressing dopaminergic neurons (EV/snx-3 RNAi) raises the possibility that iron accumulates in these This is the presumed iron importer in worms.
The human ortholog of SMF-3 is DMT1 DMT1 proteins either export divalent metals out of endosomes or they embed in the plasma membrane and import iron into cells DMT1 isoform II is the human divalent metal ion transporter. DMT1-II is a substrate of human Snx3.
Fpn1.1 (worms)
Ferroportin is the only known iron exporter in eukaryotes. It works in concert with a MCO to mediate iron export. Ferrous ions transit through ferroportin molecules and are subsequently oxidized by the MCO to ferric ions.
No orthologs in yeast. The human ortholog of Fpn1.1 is ferroportin (FPN).
F21D5.3 (worms)
We hypothesize that F21D5.3 (MCO) and Fpn1.1 form a membranebound complex and mediate iron export in worm dopaminergic neurons
The human orthologs of F21D5.3 is ceruloplasmin and hephaestin. The putative worm F21D5.3/Fpn1.1 complex would be analogous to the human hephaestin/ferroportin complex that mediates iron export.
neurons, and this may have functional consequences for a-syninduced neurodegeneration (Fig. 8C) . We reasoned that if worm dopaminergic neurons expressing a-syn accumulate iron, then knocking down the iron importer smf-3 should rescue neurodegeneration. This idea was tested as follows.
In dopaminergic RNAi-sensitive GFP-only expressing worms (UA202), the depletion of smf-3 had no effect on dopaminergic viability (Fig. 9A) . In a-syn expressing worms (strain UA196), at day 7 of development, only 37% of a-syn-expressing worms exhibited normal dopaminergic neurons. Notably, the depletion of smf-3 in these animals resulted in a significant rescue of dopaminergic neurodegeneration, where 54% of a-syn-expressing worms had normal dopaminergic neurons (Fig. 9B) . RNAi targeting of cua-1, encoding a copper transporter, did not result in a similar response. Thus, the selective rescue observed by knocking down smf-3 implies that worm dopaminergic neurons expressing a-syn accumulate iron and that iron enhances a-syninduced neurotoxicity.
Given that knocking down the iron importer rescues a-syninduced neurodegeneration, we sought to determine whether RNAi depletion of the iron exporter ferroportin fpn1.1 and the putative ferroxidase F21D5.3 would exacerbate dopaminergic neurodegeneration.
Knocking down iron exporters (F21D5.3 or fpn1.1) exacerbates asyn-induced neurodegeneration; the iron chelator DFO rescues. We first determined that RNAi depletion of F21D5.3 or fpn1.1 in GFPonly expressing worms (UA202) failed to cause dopaminergic neurodegeneration compared with EV controls (Fig. 9A) . We next analyzed neurodegeneration in a-syn-expressing worms (UA196) with or without RNAi depletion of F21D5.3 or fpn1.1. At day 5, 71% of the a-syn/EV worms exhibited a full complement of intact dopaminergic neurons, whereas 54% of both the a-syn/F21D5.3 RNAi and a-syn/fpn1.1 RNAi worms displayed a full complement of dopaminergic neurons ( Fig. 9C ; EV RNAi). At day 7, 40% and 41% of F21D5.3 and fpn1.1 depleted populations, respectively, displayed a normal complement of neurons, compared with 54% in the EV control a-syn-expressing worms (Fig. 9C) . Knocking down iron exporters in DA neurons should cause iron to accumulate, which should accelerate cell loss. To test this hypothesis, transgenic worms expressing a-syn in dopaminergic neurons were divided into three treatment groups: EV, F21D5.3 dsRNA, and fpn1.1 dsRNA. Each group was treated with the solvent vehicle (water) or 100 mM DFO, and worms were evaluated at day 7. For the a-syn/EV group, 54% of the population displayed normal neurons, and treatment of this group with DFO increased the population of worms with intact neurons to 71%. For the two knockdown groups, a-syn/F21D5.3 RNAi and a-syn/fpn1.1 RNAi, 40% and 41% of the populations, respectively, retained a full complement of neurons (Fig. 9D) (P < 0.05, one-way ANOVA), and DFO significantly increased the percentage of worms displaying a full complement of DA neurons in both groups to approximately 70%. These results show exacerbated neurotoxicity of a-syn upon depletion of iron exporters.
Discussion
We have discovered that a-syn inhibits Snx3-retromer-mediated endocytic recycling of Fet3/Ftr1 complexes in yeast. Moreover, a-syn phenocopies iron shock in this model, as it inhibits the retromer-mediated retrieval of Fet3/Ftr1 from the degradative pathway (Figs 1, 2 and 5-7) . At a molecular level, this is the first report to show that a-syn drives Snx3 and Vps17 off endocytic vesicles, most likely by blocking the binding of Snx3 to PI3P-containing endosomes (Figs 2-4) . We propose that blocking the binding of Snx3 and Vps17 to early endosomes prevents retromer from retrieving Fet3/Ftr1 from the degradative pathway. This represents a putative molecular mechanism underlying neurotoxicity whereby mediators of iron homeostasis intersect with genetic (a-syn) modulators of PD.
a-Syn alters the endocytic recycling of Fet3/Ftr1 complexes. We have shown that a-syn accelerates the degradation of Fet3/Ftr1 complexes in yeast cells (Fig. 7A-C) . We hypothesized that the accelerated degradation is due to a-syn interfering with the retromer-mediated endocytic recycling pathway (see Introduction and Fig. 1B ), but the possibility that a-syn interferes with the biosynthetic pathway was also considered. The biosynthetic pathway transits newly synthesized proteins to different destinations in the cell. In the case of Fet3/Ftr1, the newly synthesized complexes transit through the secretory pathway to the plasma membrane. Perhaps a-syn, a non-native protein expressed in yeast, disrupts the biosynthetic pathway such that a fraction of the Fet3/Ftr1 complexes inside the cell fail to reach the plasma membrane; the complexes instead divert to the vacuole for degradation. This possibility was ruled out for the following reasons. (i) Cycloheximide was employed to shut down the biosynthetic pathway. With the biosynthetic pathway shut down, a-syn significantly accelerated the degradation of complexes that emanated from the plasma membrane compared with EV control cells (Fig. 7A-C) . These results demonstrate that a-syn interferes with recycling. (ii) Iron shock has been shown to inhibit the endocytic recycling of Fet3/Ftr1, which causes the complexes to transit to the vacuole for degradation (26) . We showed that a-syn and a high iron shock have almost identical effects on Fet3-GFP localization and protein levels (Figs 5, 6 and 7D-F). Such close mimicry suggests that a-syn and high iron alter the same pathway, i.e. recycling.
(iii) Snx3-retromer mediates the endocytic recycling of Fet3/Ftr1 complexes (26, 27) . Snx3 binds to early endosomes via its PX domain, which selectively binds PI3P, and Snx3 binds to an endocytic recycling sequence on Ftr1 (26) . This is the first report to show that a-syn blocks the binding of Snx3 to vesicles in vivo and in vitro. By blocking the interaction of Snx3 (and Vps17) with early endosomes, we propose that the retromer machinery fails to retrieve Fet3/Ftr1 complexes from the degradation pathway. These results are consistent with a-syn interfering with recycling. (iv) Fet3 is a glycoprotein. Fet3 must be glycosylated in order to efficiently traffic (with Ftr1) through the secretory pathway to the plasma membrane (77) . We asked whether asyn inhibited the glycosylation of Fet3 but found no evidence of altered glycosylation of Fet3-GFP in cells expressing a-syn (Supplementary Material, Fig. S1D) . Overall, the data in Figures  2-7 are consistent with a-syn interfering with retromermediated endocytic recycling of Fet3/Ftr1. After the endocytosis of Fet3/Ftr1 complexes in cells that express a-syn, we propose that two events must occur for the complexes to transit to the vacuole: a-syn must block the binding of Snx3/Vps17 to early endosomes, and subsequently the Fet3/Ftr1 proteins must be ubiquitylated.
Using a C. elegans PD model, we found that transgenic worms expressing a-syn exhibit an age-dependent degeneration of dopaminergic neurons that can be modulated by protein effectors of iron transport (Figs 8 and 9) , and that some of the degeneration is rescued by the iron chelator DFO (Figs 8C and 9D) . Rescue of degeneration by DFO in a-syn/EV-expressing dopaminergic neurons implies, but does not prove, that iron accumulates in these neurons with age. Our results are consistent with iron accumulation enhancing a-syn-induced neurodegeneration ( Figs 8C and 9D) , and that a-syn is responsible for the iron accumulation because there is no appreciable degeneration of dopaminergic neurons in control worms without a-syn (Figs 8A and 9A). These results are consistent with a-syn causing dysregulated iron homeostasis in dopaminergic neurons, which over time, leads to the accumulation of iron and enhanced cytotoxicity of a-syn.
The simplest interpretation of the C. elegans results are that a-syn perturbs SNX-3 retromer endocytic recycling of ferroportin, FPN1.1, and/or the ceruloplasmin-like ferroxidase F21D5.3, and that this perturbation drives one or both proteins to the lysosome for degradation. Dopaminergic neurons expressing a-syn would therefore have a deficit of the exporter and/or its ferroxidase, and such neurons would exhibit iron neurotoxicity, which would exacerbate a-syn cytotoxicity. An iron chelator would be predicted to rescue this effect, which it did (Figs 8  and 9 ). In short, the same mechanism operates in yeast and worms, except that a-syn inhibits Snx3/SNX-3-mediated endocytic recycling of iron importers in yeast and iron exporters in worms.
Two limitations of the experiments with C. elegans relate to the small number of cells that we probed. Only 8 of $1000 worm cells are dopaminergic neurons. One limitation is that we could not determine whether a-syn and the various knockdowns change the iron content of the individual dopaminergic neurons. As such, our findings that DFO and smf-3 RNAi partially protect against a-syn-induced neurodegeneration imply, but do not prove, that such neurons accumulate iron. The other limitation is that we could not determine whether a-syn decreases the protein levels of FPN1.1, F21D5.3 or SMF-3 in this small number of neurons. Because we cannot make any statement about changes in the levels of these three proteins, we cannot rule out that a-syn increases iron import (rather than decreasing iron export) in worm dopaminergic neurons. For example, DMT1, which is the human ortholog of smf-3, has been found to increase in the brain with age (78) . In mice, mutations in parkin, which is a gene associated with early-onset PD, cause proteasome inhibition and an increased level of DMT1 (79) . Given that a-syn inhibits the proteasome (80), perhaps a-syn inhibits the proteasome in dopaminergic neurons and this increases the level of SMF-3 (DMT1), thus enhancing iron import and causing iron neurotoxicity. Thus, knockdown of smf-3 should rescue degeneration of dopaminergic neurons expressing a-syn in this scenario, which it did (Fig. 9B) . Additional experiments in worms or mammalian cells are needed to distinguish between these two models.
It is useful to compare our results on a-syn and Snx3-retromer recycling of Fet3/Ftr1 to that of Snx3-retromer recycling of membrane proteins in human cells. First, as mentioned previously, PD-linked mutations occur in the conserved gene VPS35 (28) (29) (30) , which encodes a cargo-recognition component of retromer. The Vps35 R524W variant causes late-onset, autosomal dominant PD. The expression of Vps35 R524W in HeLa cells disrupts the recruitment of retromer to the endosomal membrane and causes the mistrafficking of the cation-independent mannose-6-phosphate receptor and the lysosomal protease cathepsin D (81) , resulting in the formation of a-syn aggregates. (In worms, cathepsin D RNAi also leads to a-syn accumulation (82).) Second, in the Wnt signaling pathway, the Wntless receptor (Wls) undergoes retromer-mediated recycling between the Golgi and the plasma membrane. Wls is a canonical substrate of human Snx3 (41, 83) . A recent study showed that knocking down Snx3 by siRNA results in the mistrafficking of Wls to the lysosome (83) . Third, a shRNA-based screen in human H4 neuroglial cells identified endocytic recycling pathway components as genetic modifiers of a-syn aggregation, secretion and toxicity (32) . Our interpretation of these results is that retromer-mediated recycling of receptors/transporters can be disrupted by knocking down a component of retromer, by mutating a component or retromer, and even by a-syn interfering with the binding of the retromer component Snx3 to early endosomes (Fig. 10) . In sum, our results raise the possibility that by inhibiting Snx3-retromer-mediated endocytic recycling of iron transporters, a-syn can dysregulate iron homeostasis, with functional implications for neurodegeneration.
Materials and Methods
Yeast strains, media and antibodies. Table 1 lists the strains and plasmids used in this study. All reagents unless otherwise noted were purchased form Sigma Aldrich. Liquid and solid nutrient rich complete medium (YPD) and synthetic complete (SC) drop out medium were prepared as described (84) . Two plasmids were used. pAG426, which has a URA3 selectable marker, is the EV plasmid, and pAG426-a-syn harbors the gene for human wild-type a-syn, whose expression is controlled by the GAL1 promoter. Cells were transformed with plasmids using lithium acetate method (84) . Unless stated otherwise, for all experiments, the transformants were pre-grown in non-inducing media, i.e. SC-Sucrose (SC-Suc) liquid drop out (-uracil) medium until mid-log phase to maintain the selection of plasmids and then centrifuged. a-Syn expression was induced by replacing sucrose with galactose (2%, wt/vol) (SC-Gal, inducing media) (84) . For inducing iron deficiency, the iron Fe þ2 chelatorbathophenanthroline disulfonic acid trihydrate (BPS) was added to SC-Gal medium to a final concentration of 20 mM along with 1 mM sodium ascorbate (27) . For supplementing iron, ferric chloride or ferric ammonium citrate (MP Biomedicals, #0215804090) was added to the SC-Gal medium. All experiments were conducted using single yeast colonies. Western blotting. Preparation of yeast cell lysates, SDS/PAGE, and Western blot analysis was carried out as described previously (85) with only minor modifications. The western blot images were acquired using Biorad Chemidoc-MP imaging system and the intensities of Fet3-GFP and Snx3-mCherry and Vps17-mCherry were quantified by densitometry using Image J software as described (86) . In our semi-quantitative analysis of band intensities in western blots, we normalized band intensities of proteins of interest to the intensity of the housekeeping protein Pgk1. We verified that Pgk1 intensity is not subject to significant variation for the conditions used herein. The normalized levels of Fet3-GFP, Snx3-mCherry or Vps17-mCherry were determined by the equation (I Fet3-GFP /I Pgk1 )a-syn/(I Fet3-GFP / I Pgk1 ) EV, where I is band intensity. For probing Fet3-GFP during iron supplementation, cells were inoculated in SC-Gal medium with or without 10 mM FeCl 3 , respectively. For iron shock, cells were washed once with water and then incubated in SC media containing 500 mM ferric ammonium citrate with 1 mM sodium ascorbate for 1 h. For probing Snx3-mCherry, the TSY145 strain was grown overnight in SC-glucose followed by diluting it in fresh SC-Glu for 6 h and then shifting it to SC-Gal for 4 h at 30 C.
Before inoculating/shifting cells, the SC-Glu/SC-Gal medium was made iron deficient by adding 20 mM BPS and 1 mM sodium ascorbate. Fluorescence microscopy. Fluorescence images of yeast cells were acquired using an Olympus AX70 microscope equipped with an Olympus UPlanFl 100Â/1.35 NA objective and a CoolSNAP HQ CCD camera (Roper Scientific). A 89021-filter set (Chroma technology) was used for GFP and mCherry detection. Images were acquired at room temperature. Images were binned (2 Â 2) and acquired by 3D capture mode spanned across nine planes along the z-axis, with the inter-planar distance of 0.5 mm. Slidebook, version 4.0 (Intelligent Imaging Innovations) software was used to control image acquisition and the z-axis stepping motor (LudI electronic products). Images were analyzed and quantified by ImageJ software (1.42v). For quantifying Fet3-GFP intensities on the cell periphery, a sub-stack (usually plane no. 4) from nine planes was selected and normalized to a constant low and high value for GFP intensities. For the Fet3-GFP strain, the total fluorescence was determined. At least 100 cells were counted per independent clone. The average intensities were then subtracted from the background intensities and corrected intensities were plotted in the form of bar graph. For quantifying Snx3-mCherry or Vps17-mCherry positive puncta, at least 100 cells per clone were counted from a single substack out of all planes after normalizing the low and high value for mCherry intensities and eliminating the background intensities. For quantifying the Snx3-mCherry puncta intensities, the entire region of puncta(s) were considered and an average value of Snx3-mCherry intensities/cell was determined and plotted in the form of bar graph.
Snx3 expression. BL21 (DE3) Escherichia coli cells (Novagen) were transformed with pTS22 plasmid harboring yeast Snx3, and the transformants were grown overnight in 2 ml LB medium (with 50 mg/ml kanamycin) at 37 C with shaking. Cells were diluted to an optical density (O.D.) equal to 0.1 in fresh LB medium with 50 mg/ml kanamycin. The culture was then incubated in 37 C incubator until the O.D. reached 0.5. The cultures were then split into two-halves (3 ml each). One tube was used as control, and IPTG (1 mM; Sigma; Cat. No.16758-1G) was added to the other tube. The tubes were incubated at 37 C with shaking for 4 . After 4 h, 1 ml aliquots of cultures from both the tubes were centrifuged at 13 300g for 1.5 min. The supernatant was decanted and the cell pellet was resuspended in 20 ml of 2Â Lammeli buffer with b-mercaptoethanol and then boiled for 10 min on a 100 C heat block. The boiled samples were then flash chilled on ice and then pulse centrifuged at 13 300g, and then samples were subjected to SDS-PAGE. The gel was stained with Coomassie brilliant blue R-250 solution (Biorad; Cat. No. 161-0436) for 1 h, and after destaining images were captured using ChemiDoc-MP (Biorad). Large scale protein production. The Snx3 construct comprises both a hexa-histidine and T7 tag to facilitate protein purification and immunodetection. The plasmid was transformed into BL21 (DE3) cells and plated onto LB agar plates containing 50 mg/ml kanamycin antibiotic. Transformants were first grown in 5 ml LB-kanamycin culture media overnight at 37 C for $3 h to reach O.D. between 0.4 and 0.6. IPTG (1 mM) was added and the culture was incubated for 4 h. The cells were harvested by centrifugation in 500 ml centrifuge tubes at 5000g at 4 C for 20 min, and the supernatant was discarded. The pellet was resuspended in 30 ml of lysis buffer, and the cells were lysed using a French press. Cell debris was removed by centrifugation at 25 600g, 4 C for 20 min. The supernatant was passed over a Ni-NTA agarose column (Invitrogen), which was prequilibrated in 20 mM sodium phosphate buffer, pH 7.4. The column was washed with five column volumes of wash buffer (20 mM sodium phosphate buffer, pH 7.4, 20 mM imidazole) to remove non-specifically bound protein. The washing step was repeated two to three times. Finally, the Snx3 protein was eluted using 25-250 mM gradient of imidazole. Tubes containing the pure recombinant Snx3 were pooled and the purity was checked by SDS-PAGE and western blot. Snx3 protein has a thrombin cleavage site between N-terminal 6 His tag and T7 tag. The His 6 tag was cleaved using thrombin cleancleave TM kit (Sigma, SLBS080V) according to the manufacturer's instructions. After the cleavage, the reaction mixture was passed over the Ni-NTA agarose column to remove the cleaved His tag from the Snx3 protein. Purified Snx3 was mixed with 50% glycerol and stored at -20 C. a-Ssyn was purified following the protocol outlined in reference (87) . PIP strip assay. A protein-lipid overlay assay using PIP strips (Echelon Biosciences; Cat. No. P-6001) was performed to verify that purified recombinant Snx3 binds to PI3P. About 5 mg/ml of recombinant Snx3 was used, and the assay was performed according to the manufacturer instructions.
Preparation of phospholipid vesicles. The lipids 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC); 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-L-serine (sodium salt) and 1, 2-dioleoyl-sn-glycero-3-phospho-(1 0 -myo-inositol-3 0 -phosphate) (ammonium salt), L-a-phosphatidylinositol and an extruder kit were purchased from Avanti Polar Lipids. Lipids PC, PS, PI and PI3P were dissolved in chloroform at a concentration of 0.1 mg/ml. Solvent was removed by passing a stream of nitrogen gas over the sample, followed by lyophilization. The dried lipid film was then rehydrated with 200 ml of 10 mM HEPES, pH 8.0, 0.1 M NaCl, 1 mM dithiothreitol for 30 min followed by five freeze thaw cycles. The 100 nm homogeneous unilameller vesicles were prepared by passing the lipid solution (up to 20 times) through the extruder with a 0.1 um pore polycarbonate membrane at 10 C above the melting temperature of the lipids. The final concentration of lipids in solution was 500 mM, and the proportion of lipids was 70%:25%:5% [PC:PS:PI (or PI3P)]. Flotation assay (46) . Because purified Snx3 strongly adsorbed to the wall of the polypropylene tubes, we tested polycarbonate and cellulose propionate tubes (Beckman Coulter) and found that cellulose propionate adsorbed the least amount of protein compared to the other tubes. Hence, cellulose propionate tubes (Beckman Coulter) was chosen for membrane binding assay. The membrane binding assay were carried out by adding 1 mM of asynuclein incubated for 4 h followed by the addition of 0.25 mM of Snx3 for 1 h in 25 ml of 500 mM liposomes at 30 C. Each sample was mixed with 55 ml of 60% iodoxanol and loaded into the centrifuge tube. This bottom layer was overlaid with 120 ml of 20% iodoxanol followed by 40 ml of HEPES buffer. The samples were centrifuged at 70 000 rpm in a TLA100 rotor (Beckman Coulter) for 2 h at 4 C.
Approximately 4 ml from the top (liposome layer) and bottom (soluble) layers were subjected to SDS-PAGE using 4-20% tris-glycine gels followed by western blotting as described (85) . Cycloheximide assay. Transformed cells were inoculated overnight in 3 ml non-inducing media at starting O.D. of 0.1 and cultured in 30 C incubator. Next day, the culture was centrifuged, washed once with PBS and diluted in 20 ml inducing media (1% galactose) for 6 h and cultured in 30 C incubator. After 6 h, CHX was added to the final concentration of 100 mg/ml. This is referred to as 0 h time-point. The cultures were mixed uniformly and a 1 ml aliquot was immediately transferred to a prelabeled microfuge tube. The rest of the culture was kept for culturing at 30 C. Out of 1 ml aliquot, 200 ml was centrifuged and the cell pellet was used for epifluorescence microscopy. The rest of the aliquot was transferred to pre-chilled microfuge tube on ice containing 20Â stop-mix solution (5 mg/ml BSA, 200 mM sodium azide) (88) . These steps were repeated for the following time-points at 2 and 4 h. Once all the aliquots were collected and mixed with stop-mix solution, the cells were pelleted, lysed and subjected to SDS-PAGE for western blotting. Experiments (6a-syn) were repeated three times. We measured the Fet3-GFP fluorescence intensity by averaging 50 randomly chosen pixels on the periphery of each cell (100 cells). In total, for the two samples, 1800 cells were counted (2 samples Â 900 cells/sample).
The person who performed this analysis was blinded as to the identity of the samples. Statistical analysis. Yeast: P values were determined by a oneway ANOVA with a Bonferroni correction when comparing multiple samples of different treatments to a control. Otherwise, P values were determined by an unpaired, two-tailed Student's t test when comparing two samples. Experimental values are means 6 SD of typically three independent experiments. Kaleidagraph version 4.5 was used for the statistical tests. Worms: Statistical analyses were performed using oneway ANOVA and a Sidak posthoc analysis (P < 0.05) using GraphPad Prism (version 6).
RNA interference (RNAi). The F21D5.3, fpn1.1, smf-3 and snx-3 RNAi feeding clones and EV clone were purchased from Geneservice. Bacteria expressing these plasmids were isolated and grown overnight in LB media with 100 lg/ml ampicillin. Nematode growth media plates containing 1 lM IPTG were seeded with RNAi feeding clones and allowed to dry. Hermaphrodites at the L4 stage were transferred to RNAi plates and they laid eggs overnight to synchronize the F1 progeny. The dopaminergic neurons in the F1 progeny of the RNAi-treated worms were analyzed for neurodegeneration at days 5 and 7. Two chromosomally integrated transgenic C. elegans strains that enable dopaminergic neuron-specific RNAi (72) were utilized. Strain UA196 (sid-1(pk3321); baIn11[Pdat-1::a-syn, Pdat-1:: GFP]; baIn33[Pdat-1:: sid-1, Pmyo-2:: mCherry]), expresses a-syn, GFP, and SID-1 in the dopaminergic neurons and is susceptible to RNAi selectively in this neuronal subset. UA202 (sid-1(pk3321); vtIs7[Pdat-1:: GFP]; baIn36[Pdat-1:: sid-1, Pmyo-2:: mCherry]) expresses SID-1 and GFP and acts as a control strain for UA196.
Dopaminergic neurodegeneration analyses in C. elegans. C. elegans dopaminergic neurons were analyzed for degeneration as previously described (76) . Briefly, strains UA196 and UA202 were treated with F21D5.3, fpn1.1, snx-3, smf-3 or EV dsRNA. Nematodes were synchronized, grown at 20 C, and analyzed at days 5 and 7 of development for dopaminergic neurodegeneration. On the day of analysis, the six anterior dopaminergic neurons were examined in 30 adult hermaphrodite worms, in triplicate for each target. Worms were immobilized on glass coverslips using 3 mM levamisole and transferred onto 2% agarose pads on microscope slides. Analysis was performed on a Nikon E800 with an Endow GFP filter cube (Chroma). Worms were considered normal when all six anterior neurons were present without any signs of degeneration (76, 89) . In total, at least 90 adult worms were analyzed for each RNAi treatment (30 worms/trial, with a total of 3 trials).
Treatment of C. elegans with the chelator DFO. DFO was purchased from Sigma (St. Louis, MO). DFO was dissolved in water and then added to pre-autoclaved media, with the volume of compound solution taken into account. It was tested in C. elegans at a final concentration of 100 mM in water. All 35 mm worm DFO plates were seeded with 100 ll concentrated E. coli strain OP50.
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